Introduction {#sec0005}
============

Virtual screening techniques are very common and widespread in medicinal chemistry ([@bib0045; @bib0040; @bib0110]). The general goal of applying such methods is to filter large compound databases *in silico* in order to focus experimental efforts on those candidates which are most promising for showing the desired pharmacological effect. Today, the pharmacophore concept is one of the most widely established methods for virtual screening ([@bib0120; @bib0125]). By definition, a pharmacophore is the ensemble of steric and electronic features that is necessary to ensure the optimal supramolecular interactions with a specific biological target and to trigger or block its biological response ([@bib0265]). Common pharmacophoric features include hydrogen bond donors and acceptors, hydrophobic interactions, aromatic ring systems, positively or negatively ionizable functions, and data on their location in the three-dimensional (3D) space. Moreover, pharmacophore models can be sterically restricted by "forbidden" areas, so-called exclusion volumes, and shapes, of which the latter are usually derived from highly active ligands. One pharmacophore model usually represents one certain binding mode to a receptor or an enzyme. If a compound fulfils the requirements of a pharmacophore model, it is more likely to show biological activity than compounds that do not fit into the model.

Originally, pharmacophore-based virtual screening has been developed to find bioactive synthetic compounds. More recently, this approach has also shown to be valuable in the field of natural products for the identification of bioactive constituents ([@bib0195; @bib0205]). In earlier studies single pharmacophore models were used for the virtual screening of natural product (NP) databases ([@bib0190; @bib0185]). Technological evolution enabled upscaling of the virtual screening protocols using parallel screening (PS) techniques ([@bib0180; @bib0200]). In pharmacophore-based PS, single compounds or small databases are virtually screened against a series of pharmacophore models, aiming at the prediction of pharmacological activity profiles of these molecules ([@bib0110; @bib0180]). Herein we present a further application scenario of PS, i.e. the search for structurally diverse natural compounds with a defined molecular mode of action.

Traditional medicine often uses plant mixtures which contain hundreds of compounds from different biosynthetic origin and different chemical scaffolds. In this study, we selected Prasaplai, a Thai traditional medicine, as a sample for the application of PS because (i) it is a complex mixture of NPs, (ii) it is used in traditional medicine to treat inflammatory processes ([@bib0130]), and (iii) its anti-inflammatory activity has already been confirmed. The hexane extract (25 μg ml^−1^) inhibited both cyclooxygenase (COX)-1 and COX-2 up to 64.43 and 84.50%, respectively ([@bib0160]) suggesting that Prasaplai acts at least partially via the inhibition of COX enzymes.

Prasaplai is composed of twelve ingredients: ten crude plant drugs (the roots of *Acorus calamus* L., the bulbs of *Allium sativum* L., the pericarps of *Citrus hystrix* DC., the rhizomes of *Curcuma zedoaria* Roscoe, the bulbs of *Eleutherine americana* Merr, the seeds of *Nigella sativa* L., the fruits of *Piper chaba* Hunt, the fruits of *Piper nigrum* L., the rhizomes of *Zingiber cassumunar* Roxb., and the rhizomes of *Zingiber officinale* Roscoe) and two pure compounds (sodium chloride and camphor). The main component of Prasaplai is *Zingiber cassumunar* rhizome; it makes up to 50% (w/w) of the mixture. Camphor makes up to 0.6% (w/w) while the other components are equal in weight. Prasaplai is widely used by Thai traditional doctors for relieving primary dysmenorrhea and adjusting the cycle of menstruation ([@bib0130; @bib0155]).

The correlation between gynecological disorders and the release of inflammatory mediators was reviewed recently ([@bib0085; @bib0025]). Primary dysmenorrhea is characterized by painful uterine contractility caused by a significant increase of prostaglandin release compared with normal menstruation. Since COX-1 and COX-2 represent key enzymes in the formation of prostaglandins, inhibitors of COX are effective therapeutics and the treatment of first choice.

COX-1 and COX-2 are ideal model targets for a case study since X-ray crystal structures with bound inhibitors, a large number of known active ligands, and datasets for theoretical model validation are available. In our study, a set of five structure-based models and one ligand-based pharmacophore model for COX inhibitors were applied to the constituents of Prasaplai in order to (i) unravel which compounds of Prasaplai might be responsible for the COX-inhibitory activity and (ii) to validate our pharmacophore models using published knowledge about constituents of this herbal remedy.

Materials and methods {#sec0010}
=====================

General experimental procedures {#sec0015}
-------------------------------

Molecular modeling studies were performed on an Intel Pentium Core 2 Duo 6400 equipped with 1 GB RAM running Linux Fedora Core 6. PS calculations were carried out on an Intel Centrino Core 2 Duo T7500 with 2 GB RAM running Windows XP. For pharmacophore model generation and validation and PS experiments the software programs LigandScout 1.03 (Inte:Ligand GmbH, Vienna, Austria, 2006), Catalyst 4.11 (Accelrys Software Inc., San Diego, USA, 2005), and Discovery Studio 2.1 (Accelrys Software Inc., San Diego, USA, 2007) were used.

Pharmacophore modeling {#sec0020}
----------------------

Pharmacophore models may be obtained either via the structure-based or via the ligand-based approach. Structure-based pharmacophore model generation uses 3D structural information on the target protein, which is usually obtained from X-ray crystallography. Protein structures in complex with ligands are publicly available via the Protein Data Bank (PDB) ([@bib0015]). Possible chemical interactions between the ligand(s) and the macromolecule are analyzed, and pharmacophore features are placed where interactions are observed. For the ligand-based approach, only information on known biological activity of ligands is required. An algorithm defines common chemical features of a set of bioactive molecules ([@bib0220]). For this study, both approaches were applied. All generated models were theoretically evaluated if they found clinically used COX inhibitors and excluded inactive compounds from the hit list. The best six models were used for further experiments. A more detailed description of the pharmacophore model generation and validation and the PS procedure is provided in part I of this study ([@bib0215]).

NPs database generation {#sec0025}
-----------------------

An extensive literature survey was performed in order to collect compounds of the different plants contained in the Prasaplai mixture. These compounds were stored as 3D structure models in a database, the so-called Prasaplai database. When stereochemistry was not completely specified, all possible stereoisomers were built and stored. Since it is not clear, which 3D conformations the molecules would adopt in the interaction with the target protein, structures were handled as collections of low-energy 3D conformers.

Parallel virtual screening {#sec0030}
--------------------------

The structures in the Prasaplai database were virtually screened against the pharmacophore model set. A compound was considered to be a hit only if all functions of at least one pharmacophore model were mapped.

Results and discussion {#sec0035}
======================

Generation and validation of COX inhibitors pharmacophore models {#sec0040}
----------------------------------------------------------------

Several PDB complexes were used as templates for exhaustive pharmacophore model generation. Suitable validation processes were applied to the models to select diverse ones with high enrichment factors and high restrictivity. This approach led to a final collection of five structure-based pharmacophore models of COX enzymes, which were built based upon atomic coordinates published in PDB entries representing protein/ligand complexes ([Table 1](#tbl0005){ref-type="table"}). Since this structure-based model set was not able to recognize actives of diverse chemical structures, a ligand-based pharmacophore model was developed that was able to identify other scaffolds as well. This model was generated by aligning the bioactive conformations of (S)-flurbiprofen and SC-558 ([@bib0215]).

Generation and PS of the Prasaplai database {#sec0045}
-------------------------------------------

A comprehensive literature survey for known components of Prasaplai was performed. 3D structures of these compounds were collected resulting in a molecular library containing a total number of 683 NPs. The Prasaplai database was subjected to a PS using the five structure-based and the ligand-based COX pharmacophore models. This process resulted in a virtual hit list containing 166 potential COX inhibitors. [Fig. 1](#fig0005){ref-type="fig"} shows the numbers of known components of the different plant ingredients of Prasaplai and the numbers of virtual hits (VH) retrieved from the PS.

Compound evaluation procedure {#sec0050}
-----------------------------

The obtained VH were critically analyzed according to their COX-inhibitory activity that is already evident from literature. For 25 VH literature data about their COX-inhibitory activity were available ([Table 2](#tbl0010){ref-type="table"}). These compounds are ingredients from five of the ten plants Prasaplai is composed of, i.e. *Acorus calamus*, *Nigella sativa*, *Piper nigrum*, *Zingiber cassumunar* and *Zingiber officinale*. Consequently, the pharmacophore model set was validated using compounds of these five plants. All known constituents (VH as well as non-VH, i.e. structures that were not recognized by any of the six pharmacophore models) of these plants were evaluated on available COX-inhibitory activity. Only those structures were considered for the validation process and are described in detail in this study for which published data about the inhibition of COX enzymes are available. The relevant non-VH are shown in [Table 3](#tbl0015){ref-type="table"}.

For the validation of the pharmacophore models there was not differentiated between COX-1 and COX-2 inhibition since the pharmacophore models are not selective for one isoform. According to their inhibition values for COX-1 and/or COX-2, the respective compounds were grouped into three categories: compounds with IC~50~ values below 25.0 μM, between 25.0 and 150.0 μM, and above 150.0 μM were considered as highly active, moderately active, and inactive, respectively. Highly or moderately active VH as well as inactive non-VH were assumed to be predicted correctly by the pharmacophore model set; inactive VH as well as highly or moderately active non-VH were assumed to be predicted incorrectly ([Fig. 2](#fig0010){ref-type="fig"}). The correctness of the virtual prediction was determined for each of these five plants ([Table 4](#tbl0020){ref-type="table"}). [Fig. 3](#fig0015){ref-type="fig"} shows the general workflow performed in this study.

### *Zingiber cassumunar* {#sec0055}

Five VH of *Zingiber cassumunar* have already been evaluated on their COX-2 inhibitory activity ([Table 2](#tbl0010){ref-type="table"}). Four compounds showed IC~50~ values on COX-2 of 2.71--20.68 μM. Only one compound was inactive. Therefore, 80% of the VH were predicted correctly.

For five non-VH published data about their ability to inhibit COX were available ([Table 3](#tbl0015){ref-type="table"}). Limonene, (E)-4-(3,4-dimethoxyphenyl)but-3-en-1-ol and vanillin showed to be inactive on COX-1 and/or COX-2. There are many publications available describing the suppressive effect of curcumin on the expression of COX-2 leading to a decreased enzyme activity ([@bib0245]). However, the information regarding direct inhibition of COX is inconsistent, showing a range of IC~50~ from 15.9 to over 100 μM. Based on these data curcumin was considered as moderately active.

Except for curcumin, all known actives were found by the pharmacophore models. These compounds are even highly active COX inhibitors. The inactives were not recognized, thus predicted correctly, except for one compound, i.e. (E)-4-(3,4-dimethoxyphenyl)but-3-en-1-yl acetate.

### *Zingiber officinale* {#sec0060}

Six VH of *Zingiber officinale* have already been tested for their COX-inhibitory activity ([Table 2](#tbl0010){ref-type="table"}). \[6\]-Shogaol, \[8\]-gingerdiol, \[6\]-paradol, \[8\]-gingerol, and \[8\]-shogaol showed IC~50~ values for COX-2 below 25.0 μM. Due to its high inhibitory activity especially on COX-2, α-linolenic acid was also considered to be highly active.

For six non-VH data on the inhibition of COX-1 and/or COX-2 were found ([Table 3](#tbl0015){ref-type="table"}). According to biological tests, linalool, limonene, β-sitosterol, 6β-hydroxystigmast-4-en-3-one, and 1,8-cineole were classified as inactive. Ascorbic acid proofed to be inactive on COX-1 and active on COX-2. According to a third publication ascorbic acid induces the formation and the release of COX-catalyzed arachidonic acid metabolites via the activation of phospholipase A~2~ ([@bib0280]). Based on these inconsistent literate data ascorbic acid was considered as moderately active.

Except for ascorbic acid, all known actives of *Zingiber officinale* were predicted correctly (they are even highly active), and all known inactives were not recognized by the pharmacophore models. This rate of 92% correct prediction is notably high.

### *Nigella sativa* {#sec0065}

For ten VH of *Nigella sativa* data on their ability to inhibit COX were available ([Table 2](#tbl0010){ref-type="table"}). According to their high inhibition described in literature, especially of COX-2, α-linolenic acid and linoleic acid were considered as highly active. Palmitoleic acid, myristic acid, pentadecanoic acid, palmitic acid, stearic acid, and erucic acid showed little or no inhibitory activity on COX-1 and COX-2 and thus were considered as inactive. The available literature data for oleic acid were inconsistent. Therefore, it was considered as moderately active. Eugenol has been tested to be moderately active on COX-2.

The two highly active VH α-linolenic acid and linoleic acid belong to the class of oligo-unsaturated fatty acids. Although this substance class was not part of either model generation molecules or model refinement data sets, it was correctly identified by the pharmacophore models. This proofs that the model set can successfully perform the task of scaffold hopping. The other virtually predicted fatty acids have been determined to be inactive or have only weak inhibitory activity. Obviously, the pharmacophore models could not differentiate between these active and inactive compounds due to their high similarity. Basically, the substance class comprising active compounds was identified.

For six non-VH literature data about their COX-inhibitory activity were found ([Table 3](#tbl0015){ref-type="table"}). Limonene and linalool have already been discussed above. The IC~50~ values of thymoquinone, thymohydroquinone and thymol were determined to be 0.2--2.6 μM for COX-1 and 0.1--1.0 μM for COX-2. Also dithymoquinone showed an IC~50~ value for COX-2 of \<1.0 μM. Only its IC~50~ value for COX-1 was determined to be \>100 μM. The fact that these highly active compounds were not recognized by the COX pharmacophore model set may be due to different reasons. Our hypothesis is that the structure-based models recognize mainly fatty acids, and since these hydroquinone derivatives belong to a totally different structure class, they were not found. For the ligand-based pharmacophore model an aromatic ring is mandatory which thymoquinone and dithymoquinone do not comprise. Thymohydroquinone and thymol are too small to fit into the model which results in the missing of one hydrophobic feature when mapping the structures into the pharmacophore model.

### *Piper nigrum* {#sec0070}

COX inhibition data were found for four VH of *Piper nigrum* ([Table 2](#tbl0010){ref-type="table"}). Eugenol and methyleugenol showed to be moderately active. Nonanoic acid and octanoic acid were considered to be inactive. For nine non-VH, COX-inhibitory data were available in the literature ([Table 3](#tbl0015){ref-type="table"}). Linalool, limonene, safrole, spathulenol, pellitorine, and ledol were described to show no or only weak COX inhibition. Thus they were considered as inactive. Piperine showed to be moderately active. Nonanal and trans-2-nonenal were considered as highly active.

In summary, three of those nine non-VH showed inhibitory activity on COX enzymes. We suggest that the structure-based pharmacophore models are very selective and thus do not recognize these substance classes. In the case of the ligand-based pharmacophore model piperine misses one hydrophobic feature. The problem of nonanal and trans-2-nonenal is that they do not feature an aromatic ring. If the aromatic ring in the ligand-based pharmacophore model was exchanged by a hydrophobic feature, these two structures were identified as hits. However, without the aromatic ring the model would be very unselective and PS of the Prasaplai database would retrieve a hit list comprising many false positive VH.

### *Acorus calamus* {#sec0075}

For three VH of *Acorus calamus* literature data about their COX-inhibitory activity were available ([Table 2](#tbl0010){ref-type="table"}). Palmitic acid, α-asarone, and asaraldehyde were considered as inactive due to no or weak inhibition of COX-1 as well as COX-2. Only two non-VH have already been determined on their COX-inhibitory activity: linalool and limonene did not show significant inhibitory activity on COX ([Table 3](#tbl0015){ref-type="table"}).

### *Allium sativum*, *Curcuma zedoaria* {#sec0080}

58 structures from *Allium sativum* were virtually screened using the pharmacophore model set. This approach resulted in one virtual hit (S-allylmercaptocysteine). Literature survey for COX inhibition data for this substance did not retrieve any information. The virtual screening of the 104 structures from *Curcuma zedoaria* resulted in a hit list comprising five structures. Also for these five compounds no literature data about their COX-inhibitory activity were available. COX-inhibitory effects of plant extracts have been reported ([@bib0225; @bib0010; @bib0005; @bib0255]). However, since there was no information available about the correctness of the prediction of those VH, compounds of these plants were not used for the validation of the pharmacophore models.

### *Citrus hystrix*, *Eleutherine americana*, *Piper chaba* {#sec0085}

The PS of the 37 structures from *Citrus hystrix*, the 14 from *Eleutherine americana* and the 18 from *Piper chaba* with the six pharmacophore models resulted in hit lists comprising four, eleven, and twelve structures, respectively. Since literature data on COX inhibition for any of those hits were not available, compounds of these plants were not included in the validation process.

Camphor, sodium chloride, artefacts {#sec0090}
-----------------------------------

Camphor and sodium chloride are the two pure compounds in the Prasaplai mixture. Therefore camphor was also added to the molecule library that was virtually screened with the pharmacophore models, as well as the three artefacts that originate during storage of Prasaplai. These fatty acid esters arise from the interaction of compounds of *Nigella sativa* and *Zingiber cassumunar* ([@bib0155]). Camphor was not recognized by the pharmacophore models, the three artefacts were found. However, their COX-inhibitory activity has not been determined yet.

Summary of pharmacophore models validation {#sec0095}
------------------------------------------

Basically, the compounds with known activity on COX were often predicted correctly by the pharmacophore models ([Fig. 4](#fig0020){ref-type="fig"}, VH; [Fig. 5](#fig0025){ref-type="fig"}, non-VH). In the case of *Acorus calamus*, 40% of the compounds with known activity on COX were predicted correctly, i.e. two inactives out of five compounds with experimentally determined COX-inhibitory activity. For the compounds of *Nigella sativa*, *Piper nigrum*, and *Zingiber cassumunar* with known activity on COX-38, 62, and 80% correct prediction was obtained, respectively. For the compounds of *Zingiber officinale* the highest rate of correct prediction was achieved: eleven out of twelve components, i.e. 92%. Only one active non-VH, ascorbic acid, was not recognized by the pharmacophore model set, thus predicted incorrectly.

In total, from the 25 VH with known activity on COX, eleven were reported to be highly active, three moderately active, and eleven inactive. This gives a rate of correct prediction of 56%. Further, out of the 21 non-VH already determined for their COX activity, six are highly active, three are moderately active and twelve non-VH are inactive, resulting in 57% of correct prediction. Thus, also the combination of these VH and non-VH provides a total rate of correct prediction of 57%, i.e. 26 out of 46 compounds.

Discussion {#sec0100}
==========

In general, random screening or high-throughput screening of unbiased sets of compounds results in estimated average hit rates of 0.05--0.2%. With virtual screening techniques average hit rates of 5--25% are commonly gained ([@bib0165]). When interpreting these values it has to be considered that the hit rates are highly dependent on the target and the quality of the pharmacophore models, which again are closely related to the available structural information used as starting point for model generation.

On average the virtual prediction of Prasaplai components was satisfactory. Although 0% of the VH of *Acorus calamus* was predicted correctly (none of the three VH was considered to be active), rates of correct prediction of 40, 50 and even 80% could be achieved by the VH of *Nigella sativa*, *Piper nigrum*, and *Zingiber cassumunar*, respectively. The highest rate was obtained by the VH of *Zingiber officinale* (100%). The resulting average rate of correct prediction of 56% is comparable to published virtual prediction values in the field of pharmaceutical chemistry ([@bib0035]).

The evaluation of the performed computational approach underlying this study is influenced by different factors. In many cases negative results from biological testing are not published. We suggest that this is the reason we found only a small number of inactive substances in literature (23 vs. 23 actives). Another problem represents the reliability of literature data. Even if the data are correct, the authors of the publications used different test systems, which results in the problem that inhibition values cannot be directly compared. Even literature data regarding one compound are often inconsistent.

In general, one reason for not finding actives might be the fact that a pharmacophore model only represents one binding mode. Consequently, the inhibitory activity of a compound might be due to another binding mode which is not covered by the pharmacophore model set.

However, by the application of the Prasaplai components to PS with a set of COX pharmacophore models, molecular compounds were identified that are at least in part responsible for the COX-inhibitory activity of the Thai mixture. Furthermore, the results of the pharmacophore models validation with Prasaplai components confirm that -- in comparison to a random screening approach -- the virtual approach is able to increase the chance to find actives.

Conclusion {#sec0105}
==========

Computational approaches are effective strategies in drug discovery. They have the potential to decrease cost and time of drug development. In this study, the applicability and efficiency of pharmacophore-based PS was shown when searching for bioactive NPs. In this application scenario, active compounds were successfully identified from a structurally diverse mixture. In total, 57% of the compounds in the validation set were predicted correctly by the COX pharmacophore models. Thus, the pharmacophore-based virtual PS revealed as a powerful tool to identify COX inhibitors from a complex mixture of NPs. We suggest that this approach can be applied to several kinds of plants and plant mixtures and is not limited to COX enzymes but can also be used for other targets.
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![Number of VH obtained from PS (grey columns) vs. number of known components of the plants Prasaplai is composed of (white columns).](gr1){#fig0005}

![Decision tree for validation of pharmacophore model set.](gr2){#fig0010}

![General workflow of the virtual PS approach performed in this study.](gr3){#fig0015}

![Numbers of VH included in pharmacophore models validation. Threshold: highly active, IC~50~ \< 25.0 μM (dark grey); moderately active, IC~50~ = 25.0--150.0 μM (light grey); inactive, IC~50~ \> 150.0 μM (white).](gr4){#fig0020}

![Numbers of non-VH included in pharmacophore models validation. Threshold: highly active, IC~50~ \< 25.0 μM (dark grey); moderately active, IC~50~ = 25.0--150.0 μM (light grey); inactive, IC~50~ \> 150.0 μM (white).](gr5){#fig0025}

###### 

COX Inhibitor Pharmacophore Models used for PS of Prasaplai Components.

  ---------------------------------------------- -------------------- -------------------- --------------------
  3D chart[a](#tblfn0005){ref-type="table-fn"}   ![](fx1.gif)         ![](fx2.gif)         ![](fx3.gif)
  Name                                           1cqe-1               1pge-2-s             2ayl-1
  PDB entry                                      1cqe ([@bib0175])    1pge ([@bib0135])    2ayl ([@bib0070])
  Complex                                        COX-1/flurbiprofen   COX-1/iodosuprofen   COX-1/flurbiprofen
                                                                                           
  3D chart[a](#tblfn0005){ref-type="table-fn"}   ![](fx4.gif)         ![](fx5.gif)         ![](fx6.gif)
  Name                                           4cox-2               6cox-1-s             Ligand-based model
  PDB entry                                      4cox ([@bib0115])    6cox ([@bib0115])    --
  Complex                                        COX-2/indometacin    COX-2/S-558          --
  ---------------------------------------------- -------------------- -------------------- --------------------

3D chart of pharmacophore model with underlying COX ligand(s). Exclusion volumes are omitted for better transparency. Instead, the surface of the binding pocket is depicted to show the steric constraints of the model.

###### 

VH with published COX-inhibitory activities.

  Compound                                                                                 Prasaplai plant origin                    COX-1 inhibitory activity                                                                COX-2 inhibitory activity                                                                                 Structure
  ---------------------------------------------------------------------------------------- ----------------------------------------- ---------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------- ---------------
  Palmitic acid                                                                            *Acorus calamus*, *Nigella sativa*        No inhibition (390 μM) ([@bib0090])                                                      No inhibition (390 μM) ([@bib0090])                                                                       ![](fx7.gif)
  Asaraldehyde                                                                             *Acorus calamus*                          3.32% (510 μM) ([@bib0145])                                                              52.69% (510 μM) ([@bib0145])                                                                              ![](fx8.gif)
  α-Asarone                                                                                *Acorus calamus*                          46.15% (480 μM) ([@bib0145])                                                             64.39% (480 μM) ([@bib0145])                                                                              ![](fx9.gif)
  Myristic acid                                                                            *Nigella sativa*                          No inhibition (438 μM) ([@bib0090])                                                      No inhibition (438 μM) ([@bib0090])                                                                       ![](fx10.gif)
  Pentadecanoic acid                                                                       *Nigella sativa*                          No inhibition (413 μM) ([@bib0090])                                                      No inhibition (413 μM) ([@bib0090])                                                                       ![](fx11.gif)
  α-Linolenic acid                                                                         *Nigella sativa*, *Zingiber officinale*   ∼93% (359 μM) ([@bib0090]), IC~50~ = 52 μM ([@bib0100])                                  ∼96% (359 μM) ([@bib0090]), IC~50~ = 12 μM ([@bib0100])                                                   ![](fx12.gif)
  Palmitoleic acid                                                                         *Nigella sativa*                          ∼11% (393 μM) ([@bib0090])                                                               No inhibition (393 μM) ([@bib0090])                                                                       ![](fx13.gif)
  Linoleic acid                                                                            *Nigella sativa*                          ∼87% (357 μM) ([@bib0090]), IC~50~ = 85 μM ([@bib0100]), IC~50~ = 52.2 μM ([@bib0240])   ∼94% (357 μM) ([@bib0090]), IC~50~ = 0.6 μM ([@bib0100]), IC~50~ = 1.9 μM ([@bib0240])                    ![](fx14.gif)
  Oleic acid                                                                               *Nigella sativa*                          25% (354 μM) ([@bib0090]), 45.32% (354 μM) ([@bib0145]), IC~50~ = 85.3 μM ([@bib0240])   Little or no activity (354 μM) ([@bib0090]), 68.41% (354 μM) ([@bib0145]), IC~50~ = 0.7 μM ([@bib0240])   ![](fx15.gif)
  Stearic acid                                                                             *Nigella sativa*                          No inhibition (352 μM) ([@bib0090; @bib0240])                                            No inhibition (352 μM) ([@bib0090; @bib0240])                                                             ![](fx16.gif)
  Erucic acid                                                                              *Nigella sativa*                          No inhibition (295 μM) ([@bib0090])                                                      No inhibition (295 μM) ([@bib0090])                                                                       ![](fx17.gif)
  Eugenol                                                                                  *Nigella sativa*, *Piper nigrum*          nd[a](#tblfn0010){ref-type="table-fn"}                                                   IC~50~ = 129 μM ([@bib0095])                                                                              ![](fx18.gif)
  Nonanoic acid                                                                            *Piper nigrum*                            29% (632 μM) ([@bib0090])                                                                Little or no activity (632 μM) ([@bib0090])                                                               ![](fx19.gif)
  Octanoic acid                                                                            *Piper nigrum*                            12% (693 μM) ([@bib0090])                                                                No inhibition (693 μM) ([@bib0090])                                                                       ![](fx20.gif)
  Methyleugenol                                                                            *Piper nigrum*                            27.23% (100 μM) ([@bib0270])                                                             42.64% (100 μM) ([@bib0270])                                                                              ![](fx21.gif)
  (E)-4-(3,4-Dimethoxy-phenyl)but-3-en-1-yl acetate                                        *Zingiber cassumunar*                     nd                                                                                       IC~50~ \> 50 μM ([@bib0075])                                                                              ![](fx22.gif)
  4-(2,4,5-Trimethoxy-phenyl)but-1,3-diene                                                 *Zingiber cassumunar*                     nd                                                                                       IC~50~ = 14.97 μM ([@bib0075])                                                                            ![](fx23.gif)
  Trans-3-(3,4-dimethoxy-phenyl)-4-\[(E)-3′,4′-dimethoxy-styryl\]cyclohex-1-ene            *Zingiber cassumunar*                     nd                                                                                       IC~50~ = 2.71 μM ([@bib0075])                                                                             ![](fx24.gif)
  4-(3,4-Dimethoxy-phenyl) but-1,3-diene                                                   *Zingiber cassumunar*                     nd                                                                                       IC~50~ = 20.68 μM ([@bib0075])                                                                            ![](fx25.gif)
  (±)-Trans-3-(4-hydroxy-3-methoxy-phenyl)-4-\[(E)-3,4-dimethoxy-styryl\]cyclo-hex-1-ene   *Zingiber cassumunar*                     nd                                                                                       IC~50~ = 3.64 μM ([@bib0075])                                                                             ![](fx26.gif)
  \[6\]-Shogaol                                                                            *Zingiber officinale*                     nd                                                                                       IC~50~ = 2.1 μM ([@bib0250])                                                                              ![](fx27.gif)
  \[8\]-Gingerdiol                                                                         *Zingiber officinale*                     nd                                                                                       IC~50~ = 12.5 μM ([@bib0250])                                                                             ![](fx28.gif)
  \[6\]-Paradol                                                                            *Zingiber officinale*                     nd                                                                                       IC~50~ = 24.5 μM ([@bib0250])                                                                             ![](fx29.gif)
  \[8\]-Gingerol                                                                           *Zingiber officinale*                     nd                                                                                       IC~50~ = 10.0 μM ([@bib0250])                                                                             ![](fx30.gif)
  \[8\]-Shogaol                                                                            *Zingiber officinale*                     nd                                                                                       IC~50~ = 7.2 μM ([@bib0250])                                                                              ![](fx31.gif)

nd, not determined.

###### 

Non-VH with published COX-inhibitory activities.

  Compound                                    Prasaplai plant origin                                                                             COX-1 inhibitory activity                                                                                                 COX-2 inhibitory activity                                      Structure
  ------------------------------------------- -------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------- ---------------
  Linalool                                    *Acorus calamus*, *Nigella sativa*, *Piper nigrum*, *Zingiber officinale*                          Significant reduction of COX-2 expression and PGE~2~ formation only in the highest concentration (1000 μM) ([@bib0170])   ![](fx32.gif)                                                  
  Limonene                                    *Acorus calamus*, *Nigella sativa*, *Piper nigrum*, *Zingiber officinale*, *Zingiber cassumunar*   IC~50~ \> 100 μM ([@bib0065])                                                                                             nd[a](#tblfn0015){ref-type="table-fn"}                         ![](fx33.gif)
  Thymoquinone                                *Nigella sativa*                                                                                   IC~50~ = 2.6 μM ([@bib0140])                                                                                              IC~50~ = 0.3 μM ([@bib0140])                                   ![](fx34.gif)
  Thymohydroquinone                           *Nigella sativa*                                                                                   IC~50~ = 0.6 μM ([@bib0140])                                                                                              IC~50~ = 0.1 μM ([@bib0140])                                   ![](fx35.gif)
  Dithymoquinone                              *Nigella sativa*                                                                                   IC~50~ \> 100 μM ([@bib0140])                                                                                             IC~50~ = 0.9 μM ([@bib0140])                                   ![](fx36.gif)
  Thymol                                      *Nigella sativa*                                                                                   IC~50~ = 0.2 μM ([@bib0140])                                                                                              IC~50~ = 1.0 μM ([@bib0140])                                   ![](fx37.gif)
  Piperine                                    *Piper nigrum*                                                                                     33.4% inhibition of PG biosynthesis at 37 μM ([@bib0260])                                                                 ![](fx38.gif)                                                  
  Nonanal                                     *Piper nigrum*                                                                                     Reduction of arachidonic acid metabolites by 50% at ∼0.25 μM ([@bib0210])                                                 ![](fx39.gif)                                                  
  Trans-2-nonenal                             *Piper nigrum*                                                                                     Reduction of arachidonic acid metabolites by 50% at ∼0.25 μM ([@bib0210])                                                 ![](fx40.gif)                                                  
  Safrole                                     *Piper nigrum*                                                                                     IC~50~ = 225 μM ([@bib0030])                                                                                              ![](fx41.gif)                                                  
  Spathulenol                                 *Piper nigrum*                                                                                     15% (454 μM) ([@bib0105])                                                                                                 54% (454 μM) ([@bib0105])                                      ![](fx42.gif)
  Pellitorine                                 *Piper nigrum*                                                                                     IC~50~ \> 100 μM ([@bib0230])                                                                                                                                                            ![](fx43.gif)
                                                                                                                                                 31% inhibition of COX (224 μM) ([@bib0150])                                                                                                                                              
  Ledol                                       *Piper nigrum*                                                                                     No inhibition of PG biosynthesis (37 μM) ([@bib0260])                                                                     ![](fx44.gif)                                                  
  (E)-4-(3,4-Dimethoxy-phenyl)but-3-en-1-ol   *Zingiber cassumunar*                                                                              nd                                                                                                                        IC~50~ \> 50 μM ([@bib0075])                                   ![](fx45.gif)
  Vanillin                                    *Zingiber cassumunar*                                                                              IC~50~ \> 50 μM ([@bib0235])                                                                                              IC~50~ \> 50 μM ([@bib0235])                                   ![](fx46.gif)
  Vanillic acid                               *Zingiber cassumunar*                                                                              No inhibition (100 μM) ([@bib0060])                                                                                       nd                                                             ![](fx47.gif)
  Curcumin                                    *Zingiber cassumunar*                                                                              IC~50~ = 18.8 μM ([@bib0055]), IC~50~ = 50 μM ([@bib0080]), IC~50~ \> 100 μM ([@bib0065])                                 IC~50~ = 15.9 μM ([@bib0055]), IC~50~ \> 100 μM ([@bib0080])   ![](fx48.gif)
  β-Sitosterol                                *Zingiber officinale*                                                                              No inhibition (241 μM) ([@bib0275])                                                                                       11% (241 μM) ([@bib0275]), IC~50~ \> 241 μM ([@bib0020])       ![](fx49.gif)
  6β-Hydroxystigmast-4-en-3-one               *Zingiber officinale*                                                                              nd                                                                                                                        IC~50~ \> 233 μM ([@bib0020])                                  ![](fx50.gif)
  1,8-Cineole                                 *Zingiber officinale*                                                                              IC~50~ \> 500 μM ([@bib0030])                                                                                             ![](fx51.gif)                                                  
  Ascorbic acid                               *Zingiber officinale*                                                                              IC~50~ \> 100 μM ([@bib0065])                                                                                             IC~50~ = 3.70 μM ([@bib0050])                                  ![](fx52.gif)

nd, not determined.

###### 

Determination of correctness of virtual prediction.

  ---------------
  ![](fx53.gif)
  ![](fx54.gif)
  ---------------

^a^Threshold: active, IC~50~ ≤ 150.0 μM; inactive, IC~50~ \> 150.0 μM.

^b^Grey, correct prediction, active VH, inactive non-VH; hatched, false prediction, inactive VH, active non-VH.

^c^Correctness of prediction referring to one plant. Number of correctly predicted structures/total number of structures × 100. Example *Acorus calamus*: three inactive VH, two inactive non-VH; two out of five structures predicted correctly; 40% correct prediction.
